Progress toward the understanding and management of human colon cancer can be significantly advanced if appropriate experimental platforms become available. We have investigated whether a rat model carrying a knockout allele in the gatekeeper gene Adenomatous polyposis coli (Apc) recapitulates familial colon cancer of the human more closely than existing murine models. We have established a mutagen-induced nonsense allele of the rat Apc gene on an inbred F344/NTac (F344) genetic background. Carriers of this mutant allele develop multiple neoplasms with a distribution between the colon and small intestine that closely simulates that found in human familial adenomatous polyposis patients. To distinguish this phenotype from the predominantly small intestinal phenotype found in most Apc-mutant mouse strains, this strain has been designated the polyposis in the rat colon (Pirc) kindred. The Pirc rat kindred provides several unique and favorable features for the study of colon cancer. Tumor-bearing Pirc rats can live at least 17 months, carrying a significant colonic tumor burden. These tumors can be imaged both by micro computed tomography scanning and by classical endoscopy, enabling longitudinal studies of tumor genotype and phenotype as a function of response to chemopreventive and therapeutic regimes. The metacentric character of the rat karyotype, like that of the human and unlike the acrocentric mouse, has enabled us to demonstrate that the loss of the wild-type Apc allele in tumors does not involve chromosome loss. We believe that the Pirc rat kindred can address many of the current gaps in the modeling of human colon cancer.
C
olon cancer is a major cause of morbidity and mortality in the Western world: 148,610 new cases and 55,170 deaths are estimated for 2006 in the United States (1) . Beyond early detection and surgical removal of the adenomatous precursor lesions, therapeutic approaches to colon cancer are currently inadequate.
The majority of human sporadic and familial adenomatous polyposis (FAP) colonic tumors involve mutations that inactivate the regulatory gene APC. Mouse strains carrying mutagen-induced or targeted mutations in the ortholog Apc develop intestinal adenomas. Thus, the APC/Apc gene has been designated a ''gatekeeper'' tumor-suppressor gene (2) .
Most mouse strains mutated in Apc, including the Apc Min (Min) strain, develop tumors primarily in the small intestine and die within several months from multiple such adenomas (3) . Derivatives in which an Apc mutation is combined with mutations in the homeobox gene Cdx2 (4) or the Tgf␤-signaling element Smad3 (5) shift the proportion of tumors toward the colon. But the former construct creates a genomic instability and the phenotype of the latter construct seems to depend on a contribution from the commensal microbial flora, unlike the Min mouse (6) .
Other platforms for the experimental investigation of colon cancer have their own limitations. Carcinogen-induced colonic neoplasms in the mouse and rat arise with a long latency at low multiplicity and incomplete penetrance. Models in which human tumors are xenografted into immunodeficient mice lack the microenvironment of the corresponding autochthonous tumor (7, 8) . The deficiencies in modeling human colon cancer with animal and in vitro models have generated a challenge recently summarized by Sjoblom et al. (9) : ''For cancer biology, it is clear that no current animal or in vitro model of cancer recapitulates the genetic landscape of an actual human tumor.' ' The world of biomedical research on colon cancer is severely hampered by the lack of a reliable preclinical experimental platform. We have chosen to investigate whether a rat model carrying a knockout allele in Apc can simulate more closely the human disease. In pursuing this possibility, we have been emboldened by the newly developed ability to generate rat strains mutated in a gene of interest (10) (11) (12) (13) and by the report that chemically induced colonic neoplasms in the rat can metastasize to distant sites such as the liver (14) .
Our goals in seeking an enhanced experimental model for familial human colon cancer include the following: (i) to incorporate a dependence on a mutation in Apc, thus matching genetically the majority of FAP and sporadic colon cancers in the human; (ii) to simulate the regional distribution between the colon and small intestine of neoplasms found in the human; (iii) to enhance the probability of metastasis by enabling long lifespans and large tumor sizes; and (iv) to create a platform permitting prospective longitudinal studies with enhanced statistical power through imaging and endoscopy of long-lived animals with high tumor multiplicities. This report presents evidence that we have achieved important aspects of each of these goals. mutation at nucleotide 3409 of Apc, creating a K.Xam (AAG.TAG) change at codon 1137 (Fig. 1B) . No other mutations were found after sequencing the coding region and intron-exon junctions 5Ј of the mutation. We therefore named this allele Apc am1137 . The predicted Apc protein would be truncated at the third amino acid of the second 15-aa ␤-catenin binding domain (Fig. 1C) , which is highly conserved among vertebrates.
Neoplasms in Heterozygotes and Embryonic Lethality of Homozygotes
for the Apc am1137 Allele. We analyzed the phenotype of F344-Apc am1137/ϩ animals at the second and third backcross generations to F344. At Ϸ11 months of age, males became moribund from rectal bleeding, anemia, and weight loss. By contrast, females carrying this mutation have survived Ͼ17 months of age with no external signs of disease. Dissections at ages ranging from 88 to 397 days revealed multiple neoplasms in the intestinal tract of both male and female heterozygotes (Table 1) . Importantly, extensive polyposis was observed in the colon, with a 100% incidence after 4 months of age. The strain was thus designated the F344-polyposis in the rat colon (Pirc) kindred.
Mutant rats in the F344-Pirc kindred also developed a number of microadenomas Ͻ0.5 mm in diameter in both the colon and small intestine ( Table 1) . Analysis of the molecular histopathology of polyps and microadenomas will be discussed below. Full necropsies of animals carrying the Apc am1137 mutation also uncovered tumors of the jaw in 6 of 10 long-lived females and benign epidermoid cysts in a majority of animals, but no overt distant metastases were uncovered.
The Pirc polyposis phenotype segregated perfectly with the Apc am1137 allele in 56 carriers and 23 noncarriers, supporting the hypothesis that this mutation causes the disease. There is less than a 5% chance that a separate mutation Ͼ3.8 cM from Apc would Colonic microadenoma multiplicities could not be accurately measured without histopathological confirmation and were excluded from these analyses. Neoplasms Ͻ0.5 mm in size were classified as microadenomas. *Controls were injected with phosphocitrate buffer plus ethanol without ENU.
show this degree of association [see supporting information (SI) Text). No significant differences in the multiplicity or phenotype of intestinal tumors were seen between successive backcross generations of the F344-Pirc kindred on the inbred F344 background, indicating that any effect of ENU-induced modifying alleles is relatively minor.
We investigated whether the Apc am1137 mutation is homozygouslethal by intercrossing Apc am1137/ϩ animals on either an inbred F344 or a [F344 ϫ WF/NHsd (WF)] F 1 background. No homozygous mutants were obtained of 71 total progeny, with heterozygotes and wild-type progeny exhibiting a 49:22 segregation, not significantly different from the expected 2:1 Mendelian ratio (P Ͼ 0.8, 2 test). Thus, the Apc am1137 allele is homozygous-lethal on two genetic backgrounds. In the formal possibility that this lethality is caused by a second ENU-induced mutation, it would lie within 2.4 cM (95% CI) of the Apc am1137 mutation (SI Text).
Age, Gender, and Carcinogen (ENU) Effects on the Pirc Phenotype. A significant dependence on gender was observed, with males developing more tumors throughout the intestinal tract. There was also a monotonic increase in tumor multiplicity with age, reaching an average of 14 colonic adenomas in males and 7 in females Ͼ 8 months of age (Table 1 and SI Table 4 ). The presence of colonic tumors in females at early ages, when tumors of the small intestine are not detected ( Table 1 ), implies that colonic tumors arise first.
To increase the tumor multiplicity and consequent statistical power of the Pirc rat, male rats segregating the Apc am1137 allele were injected with a single dose of 40 mg/kg of ENU at 2 weeks of age. At 7 months of age, treated Pirc animals developed nearly 80 colonic tumors (Table 1 ) without major external signs of distress. This finding represents a 7-fold increase over mock-treated Pirc controls, whereas only a 3-fold increase was observed in macroadenomas of the small intestine. The wild-type littermate control rats receiving the same dose of ENU did not develop any detectable intestinal lesions. ENU-treated Pirc rats could therefore provide enhanced statistical power for experimental studies of chemopreventive and therapeutic regimens.
Long-Lived Pirc Animals Develop Adenocarcinomas with Local Inva-
sion. The histopathology and morphology of the tumors closely resembled that of human tumors, with adenomatous changes evident, including dysplasia, nuclear enlargement, an increased mitotic rate, and the expansion of crypts showing loss of the normal columnar architecture (Fig. 2) . Grossly, most colonic tumors were peduncular, whereas adenomas in the small intestine had a flat appearance. Each type of adenoma frequently reached 1 cm in diameter in animals over 6 months of age and up to 2 cm in those approaching 1 year. Immunofluorescent staining of tumors revealed nuclear and cytoplasmic accumulation of ␤-catenin within dysplastic cells (Fig. 2 F and G) as well as up-regulation of the proliferation marker Ki-67 (data not shown). By contrast, microadenomas of the colon and small intestine expressed Ki-67 but failed to show a convincing nuclear accumulation of ␤-catenin in any of Ͼ5,000 cells assayed ( Fig. 2 H-J and data not shown). Longitudinal studies are needed to ascertain the neoplastic potential of these lesions. Importantly, in animals at 6 months of age or greater, 3 of 14 histologically examined colonic tumors were shown to have high-grade dysplasia accompanied by the local invasion of neoplastic cells into the stalk, classifying the tumors as adenocarcinomas with early signs of progression to a stage corresponding to T1 in the human ( Fig. 2 A- 
C).
Loss of Heterozygosity at the Apc am1137 Site: Chromosome Loss Is Not Involved. Loss of heterozygosity (LOH) at the Apc am1137 site on the inbred F344 background was quantitatively assayed by using Pyrosequencing technology. Pyrosequencing is a registered trademark of Biotage (Uppsala, Sweden). Control assays of allele ratio were performed on DNA from normal intestinal tissue from Apc am1137/ϩ heterozygotes. The allele ratios determined on tumor and control DNA were then plotted together and analyzed by a Gaussian mixture model (SI Fig. 5 ). The majority of F344 adenomas in the colon (87%, 34 of 39) and small intestine (100%, 24 of 24) showed LOH of the wild-type Apc allele at codon 1137.
Studies of LOH in the mouse face an obstacle in rigorously ascertaining chromosome loss with or without reduplication. The acrocentric character of the mouse karyotype prevents a systematic survey of both sides of the centromere. When LOH involves somatic recombination, only one arm of the chromosome is usually involved, in contrast to the chromosome-wide pattern found for chromosome-loss events. The rat karyotype is metacentric, by contrast, permitting us to test whether the LOH event observed in tumors involved whole-chromosome loss or loss followed by reduplication.
In F1 and F2 heterozygous animals (WF X F344)-Apc am1137/ϩ , we addressed whether the function of the wild-type WF allele of Apc The centromere (open circles) lies at approximately the 38-Mb position. LOH status at each SNP was determined by using a quantitative Pyrosequencing assay. Four possible tumor genotypes are given (left to right): LOH involving only the two loci on the p arm, LOH involving only Apc am1137 , maintenance of heterozygosity (MOH) at all three loci, and LOH for all three loci. We have diagrammed homozygosity; it must be noted that these Pyrosequencing assays cannot distinguish between hemizygosity (deletion) and homozygosity (recombination).
is lost through elimination of the entire WF chromosome. Polymorphic SNPs on the p and q arms of rat chromosome 18 were assayed in tumors and in adjacent normal, heterozygous tissue (Fig.  3) . None of 22 colonic or 18 small intestinal tumors showed loss of both arms of the WF homolog. Rather, 16 colonic and 12 small intestinal tumors showed single-arm LOH, with all loss events involving the Apc locus on the p arm and often extending at least 10 Mb distal of Apc. Each case of LOH entailed loss of the WF allele and maintenance of the F344 allele. Thus, most tumors in the Pirc rat involve LOH at the Apc locus either by somatic recombination or by extended deletion. The remaining 12 tumors maintained heterozygosity over the entire chromosome 18. These tumors may have either silenced the wild-type Apc allele or inactivated it by an intragenic mutation (15, 16) .
The Chemopreventive Action of Celecoxib. The Min mouse strain has enabled the analysis of the chemoprevention of intestinal adenomagenesis. The nonsteroidal antiinflammatory agents piroxicam (17), sulindac (18) , and the clinically used celecoxib (19) have been reported to show significant efficacy in the Min mouse (for a review, see ref. 20) . Statistically significant evidence for these effects depended on the high multiplicity of adenomas in the small intestine. By contrast, colonic tumor multiplicities in the range of two compromised the power of tests for an effect in the colon. Study designs involving large numbers of animals, enhanced colonic tumor multiplicities, or longitudinal analysis of individual imaged tumors would permit the analysis of response for colonic neoplasms.
The F344-Pirc rat kindred overcomes this obstacle. We have carried out an investigation of the action of celecoxib to prove this principle (Table 2 ). Treated mutant rats were fed celecoxib in their chow from 40 days of age and were killed at 6-7 months of age. Significant reductions in tumor multiplicity were found in the colon for both male and female rats and in the small intestine for males. Only a small number of tumors were found in the small intestine of females (also see Table 1 ), preventing a rigorous statistical analysis of this class of tumor.
The Rat Permits both Classical Endoscopy and Virtual Colonoscopy. To determine whether longitudinal in vivo studies of individual intestinal tumors can be carried out in trials with agents such as celecoxib, an 11-month-old F344-Pirc rat was anesthetized and its tumors visualized by endoscopy. As shown in Fig. 4B , a 6-mmdiameter bronchoscope provided clear images of three tumors with diameters 5.3, 5.7, and 6.8 mm. The same tumors were identified in three-dimensional micro computed tomography (CT) images (Fig.  4A ) and confirmed upon dissection (Fig. 4C) .
Discussion
It is widely believed that extant animal models of colon cancer do not fully recapitulate the human disease. Specifically, a major practical consideration is the lack of a significant colonic tumor burden for genetic, therapeutic, or diet studies. Either the abundance of small intestinal tumors prevents long-term analysis or the low absolute colonic tumor multiplicity hinders statistical analysis. In Table 3 , we summarize the salient considerations in seeking an experimental model for human colon cancer. Importantly, the Pirc rat addresses several of the major drawbacks of all Apc-based models of familial intestinal cancer in the mouse.
One improvement is in the distribution of tumors in the intestinal tract. In measuring this component, we took into account the nuclear and cytoplasmic translocation of ␤-catenin, which is considered a hallmark of Apc-loss-associated neoplasia. Because no microadenomas showed such accumulation, only macroadenomas were considered. The ratio of macroadenoma multiplicities in the colon to that in the small intestine in Pirc rats averages 1:1. By contrast, most lines of C57BL/6-Min mice have an average ratio of Ϸ1:40. Although it is true that Cdx2 ϩ/Ϫ Apc ⌬716 mice have a 1:4 ratio (4), and Smad3 Ϫ/Ϫ Apc Min/ϩ mice develop polyps only in the colon (5), these models represent germline genotypes more complex than that of the FAP human. Furthermore, the short lifespans of both models make them less than ideal for chemopreventive studies. In comparing the mouse and rat with humans, it is important to note that human FAP patients do not develop polyps solely in the colon. Rather, the polyp incidence in the small intestine ranges from 58% to 74% at first endoscopy and approaches 100% by 70 years (21) , with multiplicities exceeding 80 in 17% of patients monitored with video capsule endoscopy (22) . Thus, the distribution of intestinal tumors in the Pirc rat resembles that in human FAP patients.
The Pirc rat also improves on another aspect: the absolute incidence and multiplicity of colonic tumors, which are higher in F344-Pirc rats than in carcinogen-treated wild-type F344 rats or in Min mice (Table 3 ). The ENU treatment of Pirc rats provides an even greater advantage in the statistical power of studies of chemopreventive and therapeutic protocols. Additionally, Pirc colonic tumors are capable of reaching a diameter in excess of 1 cm, enhancing the analysis of the volume and cellular composition of a tumor. Finally, the capacity for longitudinal studies in long-lived Pirc rats provides further qualitative advantages by using either specialized microCT instrumentation or, more generally, the clinical bronchoscope to bypass dissection as the necessary endpoint.
Our proof of principle of in vivo tumor imaging paves the way for investigation into the sensitivity and specificity of endoscopy versus Animals were treated from 40 days of age with 1,200 ppm celecoxib in Teklad 8604 chow and euthanized at 6 -7 months of age. Tumors were counted on freshly dissected tissue without using a dissecting microscope. P values were determined by using the Wilcoxon rank sum test.
virtual colonoscopy (23) . Endoscopy also enhances the statistical power of pharmacologic and genetic investigations, minimizing the numbers of tumor-bearing rats required in these studies. We note with interest that the chemopreventive action of celecoxib is not complete (Table 3) . Thus, such tumor resistance, as well as longitudinal studies of tumor progression, regression, and recurrence, can be related prospectively to molecular profiles of endoscopic biopsies. This ability to biopsy large tumors and allow the remaining portion to progress represents a unique opportunity unavailable in humans or in mice.
In addition to these physical advantages, the rat possesses at least one major genetic advantage: the metacentric rat karyotype permits a direct test of the mechanism of LOH that is unavailable in acrocentric mouse models. In future detailed studies of genomic stability versus instability during the initiation and progression of colonic neoplasms, the analysis will benefit significantly not only from the genetic homogeneity of inbred strains, but from the fact that the metacentric karyotype can distinguish between whole chromosome loss and somatic recombination or deletion in vivo.
Finally, the familial colonic tumors we have observed to date have progressed to locally invasive adenocarcinomas corresponding to human stage T1 lesions (Fig. 2 A and B) . In developing the Pirc kindred in the rat, we are encouraged by the report of metastasis to the liver of chemically induced colonic adenocarcinomas in wild-type rats (14) . We are also encouraged by the progress of the molecular genetics in the rat, including a rapidly closing genome project (24) and a growing set of genetic resources including large recombinant-inbred sets (25) , transgenic strains, and ENUinduced mutant alleles in genes of interest (10, 12) . Any of these resources could help fulfill the need for an animal model of significantly progressed adenocarcinomas.
Intriguingly, the Pirc rat model shows a significant gender bias in tumor multiplicity and distribution (Table 1) . Females are strongly protected from intestinal tumor development and more often become moribund due to the development of jaw tumors and related teeth abnormalities, rather than tumor-related anemia. Women do have a slightly reduced incidence of colorectal cancer compared with men, and recent epidemiologic studies indicate that women have a delayed onset of advanced disease (26, 27) . This gender effect may reflect the protective effect of hormones on colon tumor development that has been observed in women on hormone replacement therapy (28) .
To have in hand a second experimental mammalian species with which to model human colon cancer creates a new dimension in our ability to understand and manage the disease. By comparing colonic tumors in the human, the mouse, and the rat, we can learn what aspects of the transcriptome, proteome, and biology are speciesspecific and what aspects are broadly conserved. By comparing autochthonous colonic tumors in the rat with their properties as xenografts in immunodeficient mice, investigators can become more sophisticated at interpreting these two competing experimental platforms when studying the biology, chemoprevention, and therapeutics of human colon cancer.
Materials and Methods
Animal Maintenance. Rats were maintained in standard cages under a university-approved animal protocol in an American Association of Laboratory Animal Care-approved facility. Rats were fed either 5020 chow (Purina, St. Louis, MO) or 8604 chow (Teklad, Madison, WI), with access to an automatic supply of acidified water. Tumor counts were assessed as described with mice in ref. 16 , except as noted in Table 2 . The following inbred rat strains were used in this study: F344/NTac (Taconic, Hudson, NY) and WF/NHsd (Harlan, Indianapolis, IN).
Colorimetric Yeast Assay. The ENU treatment of male rats for the mutagenesis screen was performed as described in ref. 10 . F344 males were injected with 60 mg/kg of ENU once per week for 2 weeks. Long-range PCR from genomic DNA was performed by using the following chimeric universal vector primers: forward, GGC CAT CGA TAG CTC GAT GTA ACG TGC AGT TAA CGC CCA TGT CTC CTG GCT CAA GTT TGC; and reverse, CCT ACT AAC AGA TAC GCT ATG CAG GAC TCT GGA TTG CCC TGT TGG CAT GGC TGA AAT AA. The final PCR concentration mix was 1x Herculase Hotstart buffer (Stratagene, La Jolla, CA), 0.2 mM dNTPs, 25 ng/ul of each primer, 0.15 units/l Hotstart High-Fidelity DNA Polymerase (Stratagene), 2 l of genomic DNA, and ddH 2 O to 10 l. PCR conditions were: 94°C for 2 min, then 35 cycles of 94°C for 45 sec, 61°C for 45 sec, and 72°C for 2 min and 30 sec, with a final elongation step of 72°C for 10 min. PCR products were confirmed by gel electrophoresis and cotransformed into yeast along with the universal vector (11).
Genotyping of Apc am1137/؉ Animals. Two PCR amplification methods were developed to genotype the mutant SNP site of the Apc am1137 allele by restriction enzyme digestion. In one amplicon, the mutant allele was cut by NheI; in the other amplicon, the wild-type allele was cut by HindIII. These complementary methods control for incomplete digestion. The primer sequences were as follows: (for the NheI amplicon) forward, GGA AGA CGA CTA TGA AGA TGG and reverse, TGC CCT GTA CTG ATG GAG; and (for the HindIII amplicon) forward, AAT AAC GTT CAC TGT AGT TGG TAA GCT and reverse, AGG CAA TCA AGA AGC CAG AA.
MicroCT and Endoscopy. Normal chow was replaced with a nonsolid diet the night before microCT imaging. Anesthesia was administered through the regulated flow of isoflurane vapor (1-2%) through a nose cone. The colon was flushed with a warm PBS enema (40 ml). The colon was insufflated with air (20-40 ml), and microCT and endoscopic images were acquired as described below.
Digital Images. Images for Fig. 2 A-E and H were taken by using automatic exposure with a Spot digital camera (Diagnostic Instruments, Sterling Heights, MI) mounted on a Zeiss (Oberkochen, Germany) Axiophot microscope, with ϫ2.5, ϫ20, ϫ40, ϫ40, ϫ5, and ϫ40 objectives, respectively. Images for Fig. 2 F, G, I , and J were taken with a Zeiss Axiocam HRm mounted on a Zeiss Axiovert Ranges are for strain averages, not for individual animals. The majority of data for carcinogen-treated rats uses time points later than 10 months of age.
200M microscope with ϫ10, ϫ63, ϫ40, and ϫ40 objectives, respectively, and DAPI and Texas Red filters. Images were taken with Axiovision software (version 4.5.0.0). Fig. 2F is a composite of several overlapping images. The microCT image in Fig. 4A was acquired on a Siemens (Iselin, NJ) MicroCAT-2 scanner. Acquisition proceeded for 8 min (80 kVp, 500 A, 400 steps, one frame per view, 360°rotation, 93 ϫ 93 ϫ 100 m voxel size) and reconstruction was done by using a Shepp-Logan filter with back projection. Amira software (version 4.1; TGS, San Diego, CA) was used for two-and three-dimensional image visualization and media production. Accordingly, isosurface images with appropriate density threshold levels and down-sampled two times along each axis as well as volume-rendered images were created by using the appropriate Amira functions. No further image manipulation was performed. The endoscopy image in Fig. 4B was taken with an EG-1870K 6.0-mm color CCD chip video gastroscope and an EPK 1000 video processor (Pentax Medical, Montvale, NJ). The image was captured on the workstation and a hard copy image generated with a Sony Mavigraph video printer (Sony, New York, NY). Fig.  4C was photographed with an Olympus (Melville, NY) Camedia C-5050ZOOM digital camera by using automatic exposure.
Somatic ENU Treatment. ENU injection was performed as described in ref. 29 .
Immunofluorescence Labeling. Immunofluorescence was performed as described in ref. 30 , and images were acquired as described above.
Pyrosequencing Assay. Formalin-fixed tumors were excised under a dissecting microscope to minimize contamination from nontumor tissue. The bottom one-fourth of the polyp, including the muscularis and any surrounding hyperplastic villi were excluded to enrich for tumor regions likely to exhibit Apc loss and ␤-catenin up-regulation. Excised tissue was incubated overnight in distilled water at 65°C to reverse formalin cross-links. NaOH (100 mM) was added to a final concentration of 50 mM, and samples were incubated at 95°C for at least 4 hours. Tris⅐HCl (pH 5.5) was then added to neutralize the solution, and the samples were briefly centrifuged. 5 ).
Celecoxib Treatment. Rats were treated with 1,200 ppm celecoxib in Teklad 8604 chow given ad libitum, were housed, maintained, and dissected, and their tumors were counted independently of those in Table 1 .
Supporting Text
Tumor Phenotype Segregates Perfectly in 56 Carriers and 23 Non-carriers: Suppose the phenotype is due to a linked loci X, r recombination units from Pirc. The Binomial probability of observing no recombinations in 79 trials is 0.046 for r = 0.038 and 0.00969 for r = 0.057.
Consideration of the Possibility That Lethality Is Due to a Second Mutation X:
The data taken together strongly support the contention that Pirc is homozygous lethal;
however, we have considered the possibility that the lethality is due to a second mutation X linked to Pirc. If X is r recombination units from Pirc, the probability of observing a Pirc homozygote at the k th generation, conditional on non-XX parents (P(Pirc/Pirc | non-
Using these probabilities, 95% confidence intervals for r can be calculated. For example, consider the hypothesis test H0: r ≥ r0 against HA: r < r0. Each value of r0 determines P(Pirc/Pirc | non-XX), the expected proportion of Pirc homozygotes. Using this expected proportion, a Binomial test can be done assuming zero Pirc homozygotes are observed.
By inverting the test (1), a conservative 95% confidence interval for r is found. When k = 1 and n = 71, the 95% confidence interval for r is (0, 0.0243). were qualitatively similar when a Gaussian regression was used on a square root transformed multiplicity phenotype. 
